Analyses of sulfide, methane, oxygen, and CO, in pore-water sampdes from three cold seep sites in Monterey Bay indicate that fluid chemistry is a strong determinant of the distribution of chemolithoautotrophic vesicomyid clams. The distribution of Culyptogena pacijca and Culyptogenu kilmeri were aligned closely with sulfide concentrations at all cold seeps and reflected species-specific capabilities for sulfide binding. Live clams occurred only in sediment where sulfide was detectable. Sulfide was not detected in the absence of vesicomyid clams. The relative abundances of five vesicomyid species varied greatly among seeps. C. kilmeri accounted for 85-99% of all vesicomyids at seeps with high sulfide content, and C. puciJicu dominated (73%) seeps with low sulfide levels. These species were also partially segregated along sulfide gradients from the center to the margin of seeps, analogous to zonation of rocky intertidal communities. We hypothesize that the absence of thiotrophic or methanotrophic mytilid mussels from Monterey Bay cold seeps is related to the lack of physiological specializations for concentrating reduced sulfur compounds or methane and the absence of hypersaline brines that could extend the persistence of methane or sulfide-rich fluids very near the sea floor.
cific seeps owing to the presence of mytilid mussels harboring methanotrophic symbionts that are abundant at several sites in the Gulf of Mexico (MacDonald et al. 1990a, b) and along the base of the Florida Escarpment (Paul1 et al. 1984) .
As in all natural communities, the species composition and organjzation of seep communities depends upon factors influencing the supply of larvae for potential seep species and also factors affecting larval settlement and postsettlement survj.val or growth. Larval supply is affected by reproductive rates, larval survival, and planktonic transport, of which very little information is available concerning seep species. Settlement and postsettlement processes are also little known but are likely to include the effects of physical characteristics of seep sites (e.g. sulfide concentration) and biological interactions among species.
The habitability of seeps for species in the larval pool probably depends largely on the concentration of sulfide or methane at cold seeps, which may also play an important role in der:ermining the local distribution of species within seeps. The survival and growth of seep species must also be linked to variation in their requirements or tolerances of sulfide or other compounds. Although sulfide and methane have been detected at nearly all Pacific cold seep sites, little information is available concerning spatial gradients or patchiness of sulfide and methane within seep habitats.
The molluscan bivalve family Vesicomyidae is represented by several species in both the Pacific and Atlantic oceans.
Thwuophic endosymbmbab have been demonstrated for all species investigated (Childress and Fisher 1992) . Although the taxonomy and biogeography of the Vesicomyidae is not well understood (Vrijenhoek et al. 1995) , it is clear that geographic distributions of some species (e.g. Vesicomya gigas, Calypmgena pacifica) are fairly broad and that local diversity can be high, with at least five species inhabiting a single cold seep . Most species have been collected only in direct association with cold seeps; however, some species have been found in nonseep but sulfide-rich environments (e.g. whale carcasses; Bennett et al. 1994) .
The mouth and digestive tract of vesicomyids is generally greatly reduced and filter feeding is thought to be ineffective or unimportant (also supported by stable elemental analyses of vesicomyid tissues ; Fisher 1990; Fisher et al. 1994) . Nevertheless, Calyptogena magnifica may be capable of filtering particulate organic material from the water column to some degree (Fisher et al. 1988a) , and phytodetitus has been found in the gut of at least one seep species (C. pacijica; C. Harrold pers. comm.). As such, reliance on thiotrophic bacterial chemosynthesis requires the concentration of suitable reduced sulfur compounds at sites of bacterial production (gill tissues) be maintained at levels optimal for bacterial growth. Sulfide requirements of vesicomyids probably vary among species, owing to variation in sulfide-binding capacity among species (Kocheva and Barry in prep.) and taxonomic differences among endosymbiotic bacteria (Fisher 1990; Distel et al. 1994) , resulting in divergent species distributions, both between and within seeps. Very few detailed data are available relating fluid chemistry to the distribution of vesicomyids (Hashimoto et al. 1995) .
In this paper we examine patterns of fluid chemistry at three geologically distinct cold seep settings in Monterey Bay along the central California coast and compare the distribution of vesicomyid clams to spatial gradients in the concentration of sulfide and methane. The species composition and fluid chemistry of seeps in Monterey Bay vary considerably (Barry et al. , 1997 . It is likely that differing tolerances to sulfide, methane, or other chemical species result in spatial segregation of species among seeps and along horizontal gradients in sulfide within cold seeps. Assuming that vesicomyid larvae disperse more than -25 km (the distance between three cold seep sites in Monterey Bay), comparisons of species composition among sites provide a partial test of the hypothesis that geochemical controls play a large role in regulating the structure of cold seep communities.
Methods
The distribution of vesicomyid clams and its relationship to fluid chemistry was investigated at three cold seep sites in Monterey Bay, California (Fig. I) , that differ in geologic characteristics, depth, geochemistry, and community composition. The Mt. Crushmore, Clam Field, and Clam Flat sites described by were sampled by using the remotely operated vehicle (ROV) Ventana. operated by the Monterey Bay Aquarium Research Institute (MBARI). This ROV has high-resolution video and still cameras, a sev- en-function manipulator arm, and various sensors and sample collection devices (Etchemendy and Davis 1991) .
Cold seeps at all sites were distributed as numerous small patches (-0.1-3.0 m in diam) occupied principally by bacterial mats and vesicomyid clams . The Mt. Crushmore site, unlike the Clam Field and Clam Flats sites, is located in steep submarine terrain that is characterized by small (--3.m-high), highly fractured fault scarps in which mats of free-living thiotrophic bacteria (Beggiatoa sp.; McHatton et al. 1996) line crevices and cracks demarking sites of fluid release. Vesicomyid clams at this site occur in small patches of soft sediment and talus at the base of the small cliffs. The Clam Field site is less steeply inclined, and although rocky outcrops and small cliffs are present in this area, individual seeps occur principally in sediment and debris adjacent (-1-3 m) to outcrops of the Monterey Formation. The Clam Flats site is located on gently sloping sediment in a region of little geologic relief, where carbonate outcrops 0.5 m high are common, but individual seeps are nearly always found in soft sediment.
We observed patchiness in the distribution of chemosynthetic biota associated with cold seeps on scales of kilometers to meters. Sites in which seep-associated fauna were observed were separated by kilometers. Each site comprised many individual patches of chemosynthetic fauna (presumably representing individual seeps), distributed from less than a meter to hundreds of meters apart. We hypothesized that the presence of chemosynthetic fauna roughly delineated the boundaries of fluid release at individual seeps. The smallest seeps (-10 cm in diam) were evident only as grayish bacterial mats on the sediment surface. Larger seeps (-1-2 m in diam) were characterized by clusters of tens to hundreds of live vesicomyid clams in roughly circular patches. Shell debris was also present, particularly downslope from the aggregation of live bivalves. The distribution of two species of vesicomyid clams seemed to vary within seeps and was hypothesized to relate to respective adaptations to dif- ferent sulfide levels. At the Clam Field site, some individual seeps also contained a central barren zone in which no vesicomyid clams were visiblei, although bacterial mats and small columbellid gastropods (Mitrella permodesta) were sometimes present. Black surficial deposits (presumably iron sulfide), particularly in barren zones, suggested that the redox boundary was very near or at the sediment surface.
Samples of pore water were collected along transects crossing several individual seeps at all three cold seep sites. Care was taken to sample distinct seeps patches that were roughly circular in shape. We haphazardly selected two or three of the largest (-0.5-2-m-diam), well-defined individual seep patches at each site (Fig. 2) . Seep patches at the Clam Flat and Clam Field sites were generally larger and were located on shallower sloping and less rocky terrain than those at the Mt. Crushmore site. The orientation of transects crossing each seep patch were determined by logistic constraints relating to the accessibility of each seep to the ROV but were mostly linear and oriented along an isobath. "AL-VIN"-type cores (7.6-cm-i.d. X 35.0-cm-long acrylic tubes) were used to collect sediment samples from up to five standardized locations along transects from the outside to the center of each seep patch selected. Sampling locations along transects were coded as indicated in Table 1 . Cores were inserted 1.5-30 cm, then removed and returned to their holder, which forced a rubber stopper into its mouth.
Cores were processed immediately following recovery of the ROV Cores were removed from their holders with the stopper intact and transferred into a sealed PVC processing tent (0.5 X 0.5 X 1.0 m); they were flushed continuously with nitrogen to prevent oxidation of sulfide. Individual cores we:re processed by removing the stopper and the top of the core tube, then extruding the sediment upward. A sample port -2.0 cm in diameter in the side of the core tube near the top provided access to collect horizontally oriented subcores of sediment by means of a lo-ml plastic syringe with the 1:ip removed (1.5 cm diam X 8 cm long). Subcores were collected at 3-cm intervals from the top of the core to >20 cm, if possible. Subcores were also taken vertically from the top of the core.
Subcores were sealed with rubber stoppers, then transferred immediately in a nitrogen-filled plastic bag to a centrifuge that was encased in a plastic bag and flushed with nitrogen. We continued to flush the centrifuge with nitrogen while subcores were spun for 20 min at 3,200 r-pm. Separated pore water was sampled from subcores by inserting a hypodermic needle (No. 21) attached to a glass syringe through the wall Iof the subcore and extracting 1.0 ml of fluid. The glass syringes were then placed in a nitrogen-filled chamber while awaiting analysis (within 1 h) or were stored for later analysis by immediate immersion in liquid nitrogen. All frozen pore-water samples were analyzed within 2 d.
Gas chromatography-Pore-water samples were analyzed on a Hewlett-Packard HP5890 Series II gas chromatograph that was modified for quantification of dissolved gases in liquid samples (modified from Childress et al. 1984) . Briefly, aliquots (loo-250 ~1) of extracted pore-water samples were withdrawn from the l-ml glass syringes and injected into a heated, Teflon-sealed, glass extraction chamber that was preloaded with dilute, gas-stripped phosphoric acid. As each sample entered the chamber, dissolved carbonates (COJ2-, HC03-, H,CO,) and sulfides (S2-, HS) were converted to CO, and H,S, respectively, and stripped, along with other dissolved gases (e.g. O,, N,, CH,, CO), by helium carrier gas flowi:ng through the chamber. This gas mixture was then carried directly to a packed column (2.0-m X 0.32-cm Teflon-lined stainless steel, packed with Unibeads 1s SO/lOO) where CO, and H,S were separated. The remaining gases continuecl through an automatically actuated valve onto a second column (6.0-m X 0.32-cm stainless steel, packed with Molecular Sieve 5A 60/80) for further separation. Upon elution from the columns, concentrations of all gases were determined with a thermal conductivity detector. Because oxygen levels near the sea floor were near 25-50 ,uM, all subcores with oxygen levels >55 PM were considered to be contaminated and were rejected from analyses.
For each cold seep site, vertical profiles of sulfide, CH,, and CO, in pore waters were plotted for each standardized coring location by combining data from all core samples at that location. The distance from the center of a generalized seep to the core location was estimated for each standardized m the sediment at all sites but was highest at the Mt. Crushmore site within clam aggregations (Table l) , where low sulfide levels and perhaps slower fluid release from the sediment may promote a deeper or narrower redox boundary region.
Concentrations of dissolved gases at seeps exhibited strong horizontal gradients (particularly at the Clam Field and Clam Flat sites) that mirrored the distribution of vesicomyid clams. V&al profiles of sulfide in pore waters along transects crossing cold seeps indicated that sulfide levels were higher both toward central seep locations and deeper in the sediment. A schematic representation of a placement of cores and the distribution of clams above profiles of pore-water gases is presented in Figs. 3-5. Sulfide was undetectable outside aggregations of live clams at all sites.
Seeps at the Mt. Crushmore site were generally smaller than at the other sites, with low sulfide levels (i.e. CO.05 mM) generally detectable only near the center of clam aggregations (Fig. 3) . CH, was not found in any cores from this site, and CO, was fairly homogeneous throughout the sediment (near 3.0 mM), regardless of location with respect to clam aggregations.
Differences in fluid chemistry among sites were not reflected by large differences in the density or size distributions of either Calyptogena kilmeri or C. pacifica. Although quantitative estimates of density were not possible owing to sampling gear limitations, bivalves were tightly packed witlin aggregations at all sites and appeared to utilize nearly 100% of available space within areas where sulfide was detected. The modal sizes (juveniles, adults, or both) of both vesicomyid species were very similar among sites, but the percentage of individuals in each mode varied slightly, suggesting variability in recruitment of both C. kilmeri and C. pacijica among sites.
Sulfide concentrations at the Clam Field site were highest at the center of large seeps, where concentrations from 3. to IO-cm depth in the sediment were often >7.5 mM (Fig. 4) . Central areas within large seeps at the Clam Field site were often barren, with few or no clams, perhaps due to intolerably high sulfide levels. Cores from within aggregations of clams surrounding barren zones had similar or lower concentrations, and sulfide dropped to zero near the outer edge of clam aggregations.
The distribution of methane at the Clam Field seeps was similar to that of sulfide, but concentrations were much lower and nmrc variable. CH, levels averaged from 10 to 52 PM within seeps and zero outside clam aggregations. CO2 was correlated with sulfide levels (Table Z) Clam Field site (Fig. 5) , except that CH, levels were 6-20 times greater at Clam Flat seeps. Even though barren zones were less well defined at the Clam Flat site, sulfide levels at central seep locations were usually well over 10 r&I below 3 cm depth in the sediment (i.e. 1.5 times greater than at the center of Clam Field seeps and 125 times that found at Mt. Crushmore). As shown for other sites, sulfide levels diminished quickly toward the edge of clam aggregations, dropping to zero over a horizontal distance of approximately 0.5 m. CO, was slightly higher (12.7 n&l) than measured at Clam Field (10.8 mM) and was generally highest below the sediment surface.
Species composition versus suljide levels-The relative abundance of vesicomyid species differed greatly among seeps and paralleled patterns of sulfide concentration (Table  3) . Of five species of vesicomyids found at the three seep sites, C. kilmeri was the most abundant species overall. C. kilmeri comprised 85 and 99% of the total animals collected from the high sulfide muds at the Clam Field and Clam Flat sites, respectively, compared to only 12% relative abundance at Mt. Crushmore. C. paciJca was second in abundance and dominated the Mt. Crushmore site (73%), while contributing 14% or less at the other sites. Calyptogena packardana (Barry et al. 1997) , Vesicomya stearnsii, and Vesicomya gigas were minor species at all sites. In addition to differences in species composition between seep sites, vesicomyid species were also partially segregated along horizontal gradients in fluid chemistry from the center to the edges of seep sites. C. kilmeri comprised 94.3% of all vesicomyids at central locations of Clam Field site seeps but accounted for only 5 1.7% at peripheral locations (t = 7.2; n = 14 [central] and 4 [peripheral]; P < O.OOOOl]. C. pac$ca, more prevalent at sites with lower sulfide conditions than C. kilmeri, exhibited the opposite trend in the same collections, with 3.7 and 47.7% relative abundance for central and peripheral locations, respectively (t = 8.2, P < 0.00001). Although these analyses were not completed for the Mt. Crushmore site, observations indicate that C. kilmeri was most abundant near the center of seeps; C. paci$ca was distributed throughout. Too few collections were made at the Clam Flat site for similar comparisons.
Discussion
Species composition of vesicomyids-Concordance between patterns of sulfide chemistry and the distribution of vesicomyid clams at seeps in Monterey Bay supports the notion that fluid chemistry is a fundamental determinant of the composition and structure of cold seep communities. The population dynamics of vesicomyids and other metazoans at cold seeps are regulated by factors controlling the supply of larvae to each seep site (e.g. birth rates, survivorship, and transport of larvae) and factors influencing settlement and growth and survival of juveniles, including physical characteristics (e.g. sulfide concentration, depth, ambient oxygen levels, substratum characteristics) and biotic factors (e.g. predation, competition).
Differences in the structure of vesicomyid communities among seep sites suggest that within-site factors impacting larval settlement and postsettlement survival are of greater importance to community structure than rates of larval supply at seeps in Monterey Bay. If the delivery of vesicomyid larvae to seeps (by advection) is a principal control over communiqi structure, then seeps in close proximity (presumably bathed by the same larval pool) should have a more similar vesicomyid assemblage than distantly separated seeps, where greater differences in the pool of larvae are expected. Thus, the hypothesis of community regulation by larval supply is not supported by our observation of highly similar community structure among distant sites (Clam Field and Clam Flat: -25 km apart) and low similarity among nearby sites (Mt. Crushmore and Clam Field: -6 km apart). The few diata available concerning reproduction in vesicomyids indicate potential dispersal distances for larvae far greater tha.n 25 km. Gametogenesis appears to be seasonal for C. kiheri, with greatest reproductive output during winter or spring (Lisin et al. 1996) . Larvae develop from eggs -125 pm in diam that rise slowly (20-50 m d-l) in the water column, at least during early development. Larval development is slow at ambient temperatures, with ciliated larvae beginning to swim at 5 d (Barry unpubl.) . Consequently, the precompetent period should last a month or more, allowing dispersal over distances far greater than between seeps in Monterey Bay.
In contrast to C. pacijca and C. kilmeri, the rarity of three less common vesicomyids (C. packardana, V. stearnsii, V. gigas) at seeps in Monterey Bay may be related to both larval supply and postsettlement processes. If the supply of larvae is low, abundance may be depressed, regardless of postsettlement growth and survival. V. stearnsii is widespread in the eastern Pacific but was rare at seeps in Monterey Bay. C. packardana is known from seeps in Monterey Bay, especially the Mt. Crushmore seeps, and from dredge collections off southern California, presumably from cold tential for competitive interactions, which may further influseeps. It was most commonly collected from larger (presumence species distributions. For example, high sulfide-binding ably more sulfide-rich) seeps at Mt. Crushmore and was rare capacity by C. pacifica does not explain the relatively low or absent from small seeps, suggesting that its requirements abundance of C. paciJca at seeps or positions within seeps for sulfide are greater than C. pacijca. If competition among having high sulfide levels. If larval supply is sufficient, C. species with similar sulfide requirements is important, C. pacifica must be intolerant of sulfide levels > -1 n&I, or is packardana might experience competition on both ends of inhibited by low levels of oxygen (or other compounds) posits sulfide range because its sulfide-binding ability is intertulated for central seep locations, or may be excluded from mediate between C. kilmeri or C. pacifica (Kochevar and (Embley et al. 1990 ). The species composisediment, especially near the edge of aggregations, few antional differences between the axial valley seeps in 3,400-m imals move between local seeps, and competitive interacdepth and nearby but shallower (< 1,000 m) seeps reported tions between individuals were not apparent (Barry unpubl.) . here indicate segregation of vesicomyids by depth as well Further studies are required to assess the effects, if any, of as other parameters. interspecific competition.
Dominance by C. kilmeri or C. pacijca at sites of high or low ambient sulfide levels is linked to species-specific patterns of sulfide physiology. C. kilmeri and C. pacijca both have isotopic ratios of 12C : 13C near -36%0 PDB (Barry unpubl.) , indicating reliance on thiotrophic chemoautotrophic metabolism, as found for other vesicomyids. Although both are assumed to bind sulfide on blood-borne moieties, their sulfide-binding capacities differ. C. pacifica can elevate sulfide levels in blood serum lo-60 times ambient levels, whereas C. kilmeri can concentrate sulfide by a factor of only 5-10 (Kochevar and Barry in prep.). Consequently, C.
pac@ca should be able to maintain high sulfide levels for thiotrophic endosymbiotic bacteria at lower environmental sulfide levels than is possible by C. kilmeri. This range in sulfide-binding capacity is similar to that documented for C.
magnifica from hydrothermal vents (10 X ambient: Childress et al. 1991) and Calyptogena elongata dredged from anoxic sediments in the Santa Barbara Channel (100 X ambient; Childress et al. 1993a) . Assuming that the sulfide requirements of endosymbionts are similar among species, C. paciJica may potentially exploit habitats with sulfide concentrations that are intolerably low to C. kilmeri. High binding capacity for sulfide may also allow C. paci$ca to exploit nonseep habitats with relatively low ambient sulfide levels, such as transient organic debris deposits (e.g. whale falls or other reduced sediments).
Seeps as deep-sea analogs of the rocky intertidal-The alignment of species along strong horizontal sulfide gradients at cold seeps is analogous to zonation of species along desiccation gradients in more well-studied marine rocky intertidal communities. Gradients in sulfide and other parameters from marginal to central zones within seeps define gradients in habitability, resulting in zonation of species (C. pacifica and C. kilmeri) according to species-specific ranges of sulfide tolerance or other factors that covary with sulfide. Sulfide gradients probably also vary temporally, owing to the effects of tidal changes in hydrostatic pressure on rates of fluid release, similar to tidal fluctuations in flow and temperature at hydrothermal vents (Johnson et al. 1994 ).
Physiological, phylogenetic, and physical constraints on habitability of sul$de habitats-The habitability of seep and vent environments for sulfide-based chemoautotrophic symbioses is determined by physical processes regulating temporal and spatial variation in the local distribution of sulfide and phylogenetic and physiological constraints related to species abilities to ensure access to both sulfide and oxygen. Although the sulfide content of interstitial waters at seeps in Monterey Bay can be quite high (>5 n&I), rates of fluid release are very low and pore waters are of near-normal salinity, resulting in rapid mixing within the benthic boundary waters. Mixing and oxidation of sulfide reduces sulfide levels in the benthic boundary layer, even near the sedimentwater interface. Analyses using an in situ sulfide analyzer found that sulfide was undetectable immediately above (l-2 cm) clam aggregations at Monterey Bay seeps (Ferioli et al. in prep.) . Such conditions of strict spatial separation of sulfide and oxygen favor vesicomyid clams. Unlike thiotrophic mytilids and other groups, these clams segregate spatially the uptake of sulfide and oxygen (Childress and Fisher 1992) by straddling the redox boundary and can also elevate sulfide above ambient levels and store it in various forms to enhance and buffer sulfide provision for symbionts. The ability of clams to extend their foot several centimeters into the sediment provides access to sulfide concentrations from near 0.2 mM at the Mt. Crushmore site to >lO mM at the Clam Field and Clam Flat sites. Similar sulfide gradients were documented at cold seeps in Sagami Bay, Japan, inhabited by Calyptogena soyoae (Hashimoto et al. 1995) . Without adaptations to penetrate the sediment for sulfide uptake, levels of sulfide availability would be drastically lower.
Such steep environmental gradients also enhance the poChemosynthetic species incapable of binding or storing sulfide may be excluded from seeps with low rates of fluid release and rapid mixing within the benthic boundary layer regardless of pore-water concentrations of sulfide. Thiotrophic mytilid mussels, which seem less specialized for a chemosynthetic lifestyle than vesicomyids or vestimentiferans (Childress and Fisher 1992; Nelson and Fisher 1995) , do not have sulfide-binding moieties and, thus, can neither amplify environmental sulfide levels nor store sulfur com-pounds. Although thiotrophic mussels oxidize sulfide to thiosulfate (Fisher et al. 1988b) , which may act as a partial energy store for endosymbionts as suggested for Solemya reidi (Anderson et al. 1987) , this group seems unsuited for most seeps, where flow rates of sulfide-rich waters are extremely low; instead, they thrive in the relatively high flows at the periphery of vent sites. Lack of spatial separation of exchange sites for sulfide and oxygen very likely contributes to their exclusion from seep sites. Although the physiology of gas exchange is not well understood for lamellibrachiid vestimentiferans, the low levels of sulfide in waters near the sea floor may also be at least partially responsible for the rarity of this group at Monterey Bay seeps.
Similarly, even though methane levels of interstitial waters at seeps in the Clam Flat site in Monterey Bay are quite high (>600 PM), metazoans relying on methylotrophic endosymbionts (e.g. methanotrophic mytilid mussels) are absent. Like thiotrophic mytilids, methanotrophic mytilids do not bind methane (Childress and Fisher 1992) and rely on molecular diffusion of methane to supply symbionts (Kochevar and Childress unpubl.). By lacking binding moieties, mytilids are incapable of segregating gas exchange or buffering methane internally; thus, methane availability is determined by its concentration in the benthic boundary waters flowing past gill membranes where gas exchange occurs.
The absence of methylotrophic metazoans from seeps in Monterey Bay and the Pacific Ocean is paradoxical and may be related both to physiological limitations and physical processes regulating the concentration of methane near the sea floor. Methylotrophic symbioses are presently known only from hydrocarbon seeps in the Gulf of Mexico (Childress et al. 1986; MacDonald et al. 1990a) , groundwater seeps at the base of the Florida Escarpment (Paul1 et al. 1984) , and midAtlantic Ridge hydrothermal vent sites (Cavanaugh et al. 1992) . Their apparent absence from the Pacific could be related to a lack of suitable methane-rich habitats, or insufficient rates of immigration from the Atlantic, or both. Alternatively, this group may yet be discovered in the Pacific. The similarity of methane concentrations between the midAtlantic ridge vents and some eastern Pacific vents (Lilley et al. 1993) suggests that habitats suitable for methylotrophs do occur in the Pacific. Additionally, several opportunities for colonization of Pacific sites by methylotrophs from the Atlantic have occurred in the past 10 million years during openings of the Panamanian Seaway (Keigwin 1982; Keller et al. 1989) . The concentration of CH, near seeps in the Atlantic are also similar to seeps in the Pacific and thus might be expected to support methylotrophs in both ocean basins. MacDonald et al. (1989) report CH, levels near the sea floor of 0.04-66.47 PM at hydrocarbon seeps in the Gulf of Mexico (greatest values at bubbling gas vents) where methane mussels are common, compared to 20 PM CH, reported from Snz@r surveys in the Santa Barbara Channel (Hovland and Judd 1988) . Moreover, CH,-rich hydrocarbon deposits and methane venting has been reported at sites spanning much of the northeastern Pacific (Hovland and Judd 1988) , including sites near Monterey Bay (Mullins and Nagel 1982) .
Although CH, levels at Pacific and Atlantic seeps are superficially similar, the suitability of seeps for methylotrophs is very likely determined by the level and temporal stability of CH, over very small (millimeters to centimeters) spatial scales within sea floor environments. By lacking a buffering system for CH,, methanotrophs require sufficiently high and stable ambient methane levels at the site of gas exchange to support survival and growth of symbionts and host (Childress and Fisher 1992; Nelson and Fisher 1995) . Thus, even though interstitial methane concentrations at Monterey Bay seeps greatly exceed minimal concentrations required by methanotrophs (e.g. seep mytilid 1A requires >20 PM CH,; Kochevar et al. 1992) , fluids seeping from the sediment with normal salinity content and high CH, concentrations will be mixed rapidly in the benthic boundary layer; this causes a drastic dilution of CH, thereby rendering Monterey seeps uninhabitable to methanotrophs. Under even higher rates of fluid flow from the sea floor, rapid mixing in the benthic boundary layer may dilute CH, levels below the minimum threshold for methanotrophs. In contrast, Atlantic seeps inhabited by methanotrophs are most commonly characterized by gas hydrate deposits and highly saline brines that retard mixing ra.tes near the sea floor. Brines at Gulf of Mexico seeps derve from percolation of interstitial waters through Jurassic evaporite deposits (MacDonald et al. 1990b ). Salinities near (0.1-3 m) methanotrophic mussels have been reported from 35 to 12 1%0 (Paul1 et al. 1984; MacDonald et al. 1990b ). Because they are denser than normal seawater, high-salinity brines flow downslope or pool on the sea floor (e.g. Bright et al. 1980; MacDonald et al. 1990a; Westbrook et al. 1995) , mixing slowly within the benthic boundary, compared to normal or lower salinity fluids. Consequently, CH, is maintained at relatively high concentrations very near the sea floor rather than mixing rapidly within the boundary layer, thereby elevating both the average concentration and the temporal stability of CH,, presumably to the benefit of methanotrophic metazoans.
We suggest that the absence (or rarity) of methanotrophic mytilids or other methylotrophic symbioses in the Pacific may relate strongly to the global distribution of evaporites. The rarity of evaporitic deposits in the Pacific limits the distribution of brine-based seeps, thereby reducing the potential for environments with high and relatively stable boundary-layer CH, levels. Although opportunities for immigration from the Atlantic were highly limited, geologic constraints on habitat suitability (stratigraphic potential for brine-based flows) may have played a proximal role in limiting the distribution of methylotrophic symbioses in the Pacific. A partial test of this hypothesis may result from a new discovery of methylotrophic metazoans at Pacific seeps, which would demonstrate that either methylotrophic symbioses invaded both ocean basins or evolved independently in both. If present in the Pacific, the rarity of methylotrophs supports the notion that environmental quality is limiting.
The balance between physiological regulation of blood chemistry and geochemical and oceanographic regulation of near-bottom fluid chemistry results in a spectrum of community types at sites of sea-floor fluid release. Sites with fluids derived from evaporite deposits are likely to have higher and more stable levels of sulfide and methane just above the sea floor than normal or hyposaline flows. Higher temporal and spatial stability of high sulfide and methane levels increases the habitability of sites that would otherwise be suitable only for specialized species capable of concentrating and storing sulfide. We expect that less specialized groups will be found most often with hypersaline flows commonly associated with evaporites, as are common in the Atlantic Ocean basin and Mediterranean Sea (e.g. Westbrook et al. 1995) . Groups with physiological adaptations to bind, transport, and store sulfide are distributed widely, owing to homeostatic mechanisms to regulate sulfide. Species relying on molecular diffusion, rather than binding and internal storage of sulfide or methane, are highly reliant on geochemical processes that ensure the spatial and temporal stability of fluid chemistry.
